Focal cortical dysplasia (FCD) is a pathology that is characterized by the abnormal development of the neocortex. Indeed, a wide range of abnormalities in the cortical mantle have been associated with this pathology, including cytoarchitectonic alterations and the presence of dysmorphic neurons, balloon cells and ectopic neurons in the white matter. FCD is commonly associated with epilepsy, and hence we have studied the ultrastructure of cortical tissue resected from three subjects with intractable epilepsy secondary to cortical dysplasia to identify possible alterations in synaptic circuitry, using correlative light and electron microscopic methods. While the balloon cells found in this tissue do not appear to receive synaptic contacts, the ectopic neurons in the white matter were abnormally large and were surrounded by hypertrophic basket formations immunoreactive for the calciumbinding protein parvalbumin. Furthermore, these basket formations formed symmetrical (inhibitory) synapses with both the somata and the proximal portion of the dendrites of these giant ectopic neurons. A quantitative analysis revealed that in the dysplastic tissue, the density of excitatory and inhibitory synapses was different from that of the normal adjacent cortex. Both increases and decreases in synaptic density were observed, as well as changes in the proportion of excitatory and inhibitory synapses. However, we could not establish a common pattern of changes, either in the same patients or between different patients. These results suggest that cortical dysplasia leads to multiple changes in excitatory and inhibitory synaptic circuits. We discuss the possible relationship between these alterations and epilepsy, bearing in mind the possible limitations that preclude the extrapolation of the results to the whole population of epileptic patients with dysplastic neocortex.
Summary
Focal cortical dysplasia (FCD) is a pathology that is characterized by the abnormal development of the neocortex. Indeed, a wide range of abnormalities in the cortical mantle have been associated with this pathology, including cytoarchitectonic alterations and the presence of dysmorphic neurons, balloon cells and ectopic neurons in the white matter. FCD is commonly associated with epilepsy, and hence we have studied the ultrastructure of cortical tissue resected from three subjects with intractable epilepsy secondary to cortical dysplasia to identify possible alterations in synaptic circuitry, using correlative light and electron microscopic methods. While the balloon cells found in this tissue do not appear to receive synaptic contacts, the ectopic neurons in the white matter were abnormally large and were surrounded by hypertrophic basket formations immunoreactive for the calciumbinding protein parvalbumin. Furthermore, these basket formations formed symmetrical (inhibitory) synapses with both the somata and the proximal portion of the dendrites of these giant ectopic neurons. A quantitative analysis revealed that in the dysplastic tissue, the density of excitatory and inhibitory synapses was different from that of the normal adjacent cortex. Both increases and decreases in synaptic density were observed, as well as changes in the proportion of excitatory and inhibitory synapses. However, we could not establish a common pattern of changes, either in the same patients or between different patients. These results suggest that cortical dysplasia leads to multiple changes in excitatory and inhibitory synaptic circuits. We discuss the possible relationship between these alterations and epilepsy, bearing in mind the possible limitations that preclude the extrapolaIntroduction Symptomatic epilepsy is a common human brain dysfunction that is associated with a wide variety of pathologies (Meldrum and Bruton, 1992; Honavar and Meldrum, 1997; DeFelipe, 1999) . Nevertheless, malformations of the cerebral cortex cause 20% of drug-resistant epilepsies in adults, and 40% in children (Kuzniecky and Barkovich, 1996) . Focal cortical dysplasia (FCD) is a condition in which malformations are produced during the development of the cortex, provoking abnormalities in the laminar cortical architecture, alterations in the morphology of neurons and in the appearance of abnormal cells (Taylor' s balloon cells and giant neurons), and gliosis (Palmini et al., 1994; Garbelli et al., 1999a, b; Kerfoot et al., 1999 ; for a review see Prayson et al., 2002) . Epileptic seizures in patients with FCD are common, although their causes still remain unclear.
In analysing the causes of epilepsy, several studies have focused on the morphological and functional alterations of inhibitory circuits in FCD. Using GABAergic markers [immunocytochemistry for the calcium-binding protein parvalbumin (PV)], these studies have revealed various alterations, including a general decrease in labelling and the presence of hypertrophic PV-immunoreactive basket formations around the unlabelled somata of giant neurons (Spreafico et al., 1998a (Spreafico et al., , 2000 Garbelli et al., 1999a, b) . Along similar lines, Avoli and colleagues (2003) proposed that FCD tissue generates synchronous potentials, mainly provoked by Brain Vol. 128 No. 1 # Guarantors of Brain 2004; all rights reserved GABA A receptor-mediated conductance. Similarly, alterations in the excitatory system have also been described, in particular changes in the expression of glutamate receptors (Ying et al., 1998; Kerfoot et al., 1999; Babb et al., 2000; Crino et al., 2001) .
Through electron microscopy, the cytological characteristics of giant neurons and balloon cells in FCD tissue have been defined, and qualitative information of the synapses in the neuropil has also been obtained (Garbelli et al., 1999a) . However, detailed studies on synaptic circuits are still not available. Therefore, the main aim of this work was to determine what are the principal alterations in the synaptic circuits of epileptic patients with FCD. While most excitatory synapses in the neocortex are formed by glutamatergic axon terminals and are of the asymmetrical type, most inhibitory synapses are formed by GABA-containing axon terminals and are symmetrical (reviewed in White, 1989; Ribak and Roberts, 1990; DeFelipe and Fariñas, 1992; Peters and Palay, 1996) . Hence, we compared the overall synaptic density and the types of synapses in different regions of dysplastic tissue with the normal adjacent cortex. In addition, we combined immunocytochemistry for PV with correlative light and electron microscopy, to label certain subpopulations of GABAergic cells that are particularly relevant in epilepsy (DeFelipe, 1999) . We paid special attention to the distribution of chandelier cell axon terminals and perisomatic synaptic inputs to giant neurons and balloon cells.
Material and methods
Human brain tissue was obtained from two sources: the Claudio Munari Surgical Center for Epilepsy (Milan, Italy) and Neurosurgery Department, Hospital de la Princesa (Madrid, Spain). Samples from three epileptic patients affected by FCD (Mun34, Mun36 and H175) were obtained after surgical resection. Control brain samples of normal temporal cortex were obtained from epileptic patients with hippocampal sclerosis (three male individuals, H38, H60 and H94: 24, 37 and 27 years old, respectively). Some of this material has been used in previous studies (Marco and DeFelipe, 1997; DeFelipe et al., 2002) . Surgery was performed only after the patient or parent had given informed consent, according to the Declaration of Helsinki. The institutional ethical committees of both hospitals approved the surgical protocols and those for the use of human tissue. In all cases, MRI studies were performed and abnormal results were detected ( Fig. 1 ) in all patients except one (H175). Some of the clinical details of the patients examined are summarized in Table 1. Upon removal, the resected brain tissue was immediately fixed in cold 4% paraformaldehyde in phosphate buffer 0.1 M, pH 7.4 (PB). After 2 h, the tissue was cut into small blocks (1 3 1 3 1 cm) and was post-fixed in the same fixative for 24-48 h at 4 C. Coronal sections (100 mm) were cut with a Vibratome and collected in series in PB. Some sections were Nissl stained to reveal the laminar boundaries and to study the cytoarchitectonic alterations.
Immunohistochemistry
Free-floating sections were pre-treated in 1% H 2 O 2 for 30 min to remove endogenous peroxidase activity, and then for 1 h in PB with 0.25% Triton-X and 3% normal goat or horse serum (for polyclonal antisera and monoclonal antibodies, respectively; Vector Laboratories Inc., Burlingame, CA). The sections were then incubated overnight at 4 C with either mouse anti-PV antibodies (1 : 4000; Swant, Bellinzona, Switzerland) or mouse anti-neuron-specific nuclear protein (NeuN) (1 : 2000; Chemicon, Temecula, CA) and rabbit anti-PV (1 : 4000; Swant). The following day, the sections were rinsed and incubated for 1 h in biotinylated goat anti-rabbit or horse anti-mouse IgG (1 : 200; Vector), then for 30 min in a Vectastain ABC immunoperoxidase kit (Vector) and finally with the chromogen 3,3 0 diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich, St Louis, MO). After staining, the sections were dehydrated, cleared with xylene and coverslipped.
Fluorescence immunohistochemistry
For immunofluorescence, sections were double stained for NeuN and PV, using the same primary antibodies, dilutions and incubation Sections were examined on a Leica TCS 4D confocal laserscanning system equipped with an argon/krypton mixed gas laser with excitation peaks at 498 and 649 nm, and attached to a Leitz DMRIB microscope. The fluorescence of Alexa 488 and Alexa 594 was recorded through separate channels. Z-sections at 1.5-2 mm intervals were recorded, and optical stacks of 3-10 images were used for the figures.
For all immunocytochemical procedures, controls consisted of processing selected sections either after replacing the primary antibody with pre-immune goat or horse serum, after omission of the secondary antibody, or after replacement of the secondary antibody with an inappropriate secondary antibody. No significant staining was detected under these control conditions.
Electron microscopy
Sections adjacent to those used for histopathological assessment and some sections immunostained for PV were processed for electron microscopy. These sections were post-fixed in 2% glutaraldehyde in PB for 1 h, treated in 1% osmium tetroxide, dehydrated and flatembedded in Araldite resin. Plastic-embedded sections were studied by a correlative light and electron microscopic method described in detail elsewhere (DeFelipe and Fairén, 1993) . Briefly, sections were photographed under the light microscope and then serially cut into semi-thin (2 mm thick) sections with a Reichert ultramicrotome. The semi-thin sections were stained with 1% toluidine blue in 1% borax, examined under the light microscope, and photographed to locate the area of interest. Selected semi-thin sections were resectioned into serial ultrathin sections having a silver grey interference colour, which correspond to a thickness of 60-70 nm (Peachey, 1958) . The ultrathin sections were collected on formvar-coated, single-slot grids, stained with uranyl acetate and lead citrate, and examined with a JEOL 1200 EX electron microscope (JEOL USA, Inc., MA). Photographs (310 000) were printed at a final magnification of 330 000. The number of synapses per volume was estimated using the sizefrequency method . The cross-sectional length of synaptic contacts was measured using a digitizing tablet (Summasketch III, Summagraphics, Seymour, USA) and the Scion Image analysis program (Version beta 4.0.2, NIH Image, Scion Corporation USA, 2000).
Neuronal density was estimated using optical disectors as described by West and Gundersen (1990;  see also Williams and Rakic, 1988) . Twenty-five optical disectors from each cortical region were analysed per case, in 100 mm Nissl-stained sections adjacent to those used for counting synapses. Optical disectors were made using an oil immersion 3100 objective on a surface of 1596 mm 2 and with a depth of 40 mm, which rendered a study volume of 64 134 mm 3 per optical disector. Nucleoli were counted to obtain an estimate of the number of neurons.
Tissue processing for electron microscopy produced greater tissue shrinkage than Nissl staining. In order to obtain homogeneous estimations of the density of neurons and synapses, this difference in shrinkage was evaluated by measuring the cortical surface in adjacent sections processed for electron microscopy and Nissl staining, using Scion Image analysis (Scion Corporation, Frederick, MD). As a result, cortical tissue was estimated to have shrunk 32.8% when processed for electron microscopy. The number of synapses per neuron in each cortical region studied was obtained by dividing the density of the synapses by the density of neurons for each cortical region after correcting for shrinkage. Data analysis was performed with the aid of the SPSS statistical package (SPSS Science, Chicago, IL).
Results

Histopathological findings
Consistent with earlier observations, in cortical tissue from patients suffering from FCD, we generally observed disruptions in lamination and gliosis, as well as the presence of abnormal cell types (e.g. giant cells and balloon cells) and ectopic neurons (Spreafico et al., 1998a, b; Garbelli et al., 1999a,b; Tassi et al., 2002) . The patients were classified according to the criteria defined by Tassi et al. (2002) . They were all considered within the subgroup of Taylor-type cortical dysplasia, which is characterized histologically by abnormal cortical lamination associated with the presence of ectopic neurons in white matter, giant and dysmorphic neurons and occasional balloon cells (Taylor et al., 1971) . These balloon cells were readily identified by their large size and rounded shape, and by the ill-defined cell membrane, pale eosinophilic cytoplasm and one or more eccentric nucleoli. Giant neurons were recognized by their abnormally large size despite having a normal appearance, when compared with neighbouring neurons.
The cytoarchitectural alterations displayed by tissue from these patients were not uniform either between patients or within different regions of a given patient. Two distinct histological regions could be identified in the tissue from patients Mun36 and H175, a normal-looking region (Fig. 2A and D) and another region that was clearly malformed (Fig. 2B and E) . In the most deformed region of patient Mun36, no cortical layers other than layer I could be recognized, and an intense gliosis could be seen. Nissl staining revealed the presence of balloon cells ( Fig. 2C and F) or Taylor's cells (Taylor et al., 1971) . Giant neurons in the grey and white matter were also detected ( Fig. 2B and E). In the tissue from patient H175, a region in which the normal lamination was partially preserved was also observed, but numerous giant neurons (some with inverted orientation) were present throughout the resected neocortex. Cortical tissue from patient Mun34 showed some similar alterations in terms of the abnormal lamination (only layer I could be recognized), and both balloon cells and numerous giant neurons were present, scattered throughout the neocortex.
Immunocytochemical studies
The possible alterations of the GABAergic circuits in these patients were investigated by analysing the distribution of PV immunocytochemistry. In the normal human neocortex, PV labelling is characterized by the staining of numerous non-pyramidal cells, boutons through layers II-VI, and chandelier cell axon terminals (short vertical rows of boutons). In addition, pyramidal cells typically were surrounded by PV-immunoreactive boutons that represent the axon terminals of basket cells DeFelipe et al., 1989 del Río and DeFelipe, 1994) .
The pattern of PV immunostaining was modified in a variety of ways in FCD tissue, generally reflecting the cytoarchitectonic alterations (Garbelli et al., 1999a) . Few PV-immunoreactive chandelier terminals were observed in the tissue from patient Mun34, although numerous PVimmunoreactive processes (forming small clusters in some regions) and large cell bodies were seen. In some regions of the tissue from patient Mun36, a normal distribution of PV was detected, whereas in other regions staining for PV was considerably reduced in all the neocortical layers. Finally, tissue from patient H175 showed a normal distribution of PV immunoreactivity in some regions, but in others PV immunoreactivity was decreased in chandelier terminals in layer VI. In these latter regions and in the adjacent white matter, abnormal PV-immunoreactive basket formations were present around unlabelled cell bodies and the proximal processes of giant neurons (Fig. 3) . These abnormal basket formations were also found in the other two cases.
Double immunofluorescence studies: basket formations in the white matter
In normal cortical tissue, relatively few neurons were found in the white matter and they were labelled for NeuN. In these sections, no PV-immunoreactive neurons were seen and very few PV-immunoreactive terminals were observed ( Fig. 4A-C) . In the white matter of patient H175, numerous NeuN-immunoreactive giant neurons and hypertrophic PV-immunoreactive basket formations were detected ( Fig. 4D and E, see also Fig. 3A and B) . To study the relationship between these PV-immunoreactive basket formations and the giant cells in the white matter, we used double labelling immunofluorescence histochemistry. In sections stained for both NeuN and PV, all the giant NeuN-immunoreactive neurons found in the white matter were surrounded by hypertrophic basket formations and all the basket formations were confirmed to be around neurons ( Fig. 4D and F ; n = 16). Since no PV-immunoreactive cell bodies were found in the white matter, these basket formations probably originated from PV-immunoreactive interneurons located in the adjacent grey matter.
Ultrastructural analysis
Of the two major morphological types of cortical synapses, denominated type I and type II by Gray (1959) , and that correspond to the asymmetrical and symmetrical types of Colonnier (1968) , respectively, both were clearly identified in the tissues analysed (Figs 5A and 6A). For our purposes, synapses having a prominent postsynaptic density (40-50 nm in thickness) were identified as asymmetrical, whereas those with a thinner postsynaptic density (20 nm in thickness) were considered as symmetrical (Gray, 1959; Colonnier, 1968 Colonnier, , 1981 Peters, 1987; White, 1989; Peters et al., 1991; Peters and Palay, 1996) . Furthermore, for quantitative analyses, we also considered those synapses in which the synaptic cleft and associated membrane densities could not be visualized clearly (due to the oblique plane of section) as uncharacterized synapses, since they could be classified as neither asymmetrical nor symmetrical (Figs 5A and 6A).
Neuropil
While the ultrastructure of the neuropil from the normallooking regions of all patients was normal (Peters et al., 1991) , a variety of alterations were detected in the deformed areas, although sometimes only at certain levels. In these altered regions, the neuropil showed distinct degrees of gliosis with a variable number of glial processes. For example, whereas in the middle levels of the neocortex from patient Mun34, the neuropil appeared normal (Fig. 5A) , numerous glial processes were detected in the superficial layers (Fig. 5B) . However, the altered regions of the tissue from patient Mun36 showed numerous glial processes in all layers (Fig. 6B) whereas, in contrast, the neuropil of the altered regions of the tissue from patient H175 had a relatively normal aspect with few glial processes. 
Balloon and giant cells
In material prepared for electron microscopy, a total of 10 balloon cells and 12 giant neurons were first identified by light microscopy according to the cytological criteria mentioned above. This material was examined using correlative light and electron microscopy. In brief, this consisted of cutting the tissue into 2 mm serial plastic semi-thin sections, and then obtaining serial ultrathin sections from the selected semi-thin sections for analysis at the electron microscope level (Figs 7A and B, and 8A and B) . As previously described (Garbelli et al., 1999a) , the cytoplasm of balloon cells is filled with hypertrophic endoplasmic reticulum as well as numerous intermediate filaments, and they contain one or more eccentric nucleoli (Fig. 7) . We examined the surface of these cells to see whether they form synapses, but could not identify any axosomatic synapses. In contrast, the giant pyramidal cells showed an apparently normal complement of cytoplasmic organelles (Fig. 8 ) similar to the typical pyramidal cells (Feldman, 1984) . Furthermore, as with pyramidal neurons in the normal neocortex, only axon terminals forming symmetrical synapses were seen to innervate their perisomatic region and the proximal parts of their dendrites ( Fig. 8C ; see Alonso-Nanclares et al., 2004; and references therein) .
In addition, we studied the giant neurons that were located in the white matter (some of them identified as pyramidal neurons) and that were surrounded by hypertrophic basket PV-immunoreactive formations ( Fig. 9A and B ; n = 9). These PV-immunoreactive boutons formed symmetrical synapses with the soma of these giant cells (Fig. 9C) . However, since the immunostaining of the axon terminal partially masked the postsynaptic density, it was often difficult to identify the nature of the contacts (Fig. 9C) . Therefore, no attempt was made to estimate the proportion of PVimmunoreactive boutons forming axosomatic synapses with giant cells. We further studied the perisomatic innervation of these giant neurons in sections adjacent to those studied by immunocytochemistry ( Fig. 9D and E) and found them to be surrounded by numerous perisomatic boutons forming conventional symmetrical synapses ( Fig. 9G and F) . Thus, hypertrophic basket formations made multiple synapses with the neurons they surrounded. While there were few organelles in some perisomatic axon terminals (Fig. 9F) , some of them were frequently very large and contained the organelles typical of such structures (i.e. mitochondria and numerous synaptic vesicles; Fig. 9G ).
Quantitative electron microscopy
A quantitative electron microscope study was performed at different depths from the pial surface in control neocortical tissue (Table 2 ) from epileptic patients with hippocampal sclerosis, and in the tissue from epileptic patients with cortical dysplasia (Tables 3-5 ). Since the laminar boundaries frequently were difficult to distinguish in the dysplastic tissue, three regions of the neocortex were defined in all cases: superficial (0-250 mm from the pial surface), middle (250-550 mm) and deep (550-900 mm), which approximately correspond to layers I, II and III, respectively. In each of these regions, we estimated the synaptic density and proportion of different types of synapses.
The synaptic density varied between different regions of a given patient with cortical dysplasia, as well as between different patients (Table 3) . For example, in case Mun34, the synaptic density in the most superficial layer was very low (3420 3 10 5 synapses/mm 3 ) in comparison with the deeper layers (5800-6000 3 10 5 synapses mm 3 in the middle and deep parts of the neocortex). In the other two cases (patients H175 and Mun36), we also compared the synaptic density between the normal-looking and the altered regions of tissue from the same patient. In the altered regions of the tissue from patient Mun36, a general decrease in the synaptic density was observed in all layers. In contrast, patient H175 showed a reduction in the synaptic density only in the deeper parts of the altered tissue.
Comparison between synaptic density and neuronal density
Since the neuronal density of different layers and subjects may differ, it is difficult to interpret the differences in the synaptic density in terms of connectivity. Therefore, to study the relationship between the changes in synaptic density and neuronal loss, we calculated the number of synapses per neuron in all the cortical regions and subjects studied (Tables 2 and 5 ).
In the two cases where the resected tissue included normallooking cortical regions adjacent to those showing dysplasia (Mun36 and H175), it was particularly relevant to study the alterations in cortical circuits. In these cases, we could compare between the two regions irrespective of the clinical history, age and cortical regions examined. Indeed, the changes in these two patients followed different patterns. In the case of Mun36, there was a reduction in the number of neurons at all depths of the altered region when compared with the normal-looking region (Table 4 ). This decrease was particularly notable in the middle and deeper portions where The axon terminal shown in F contains relatively few organelles, whereas that shown in G is full of organelles. Note the large size of both axon terminals. pa = punctum adherens. Scale bar (in G) 30 mm in A and D, 10 mm in B and E, 0.35 mm in C and G, and 0.5 mm in F.
a dramatic decrease was observed (49 and 62%, respectively). In contrast, a severe reduction in the number of neurons was only observed in the superficial and deeper portions in case H175 (Table 4) . The relationship between the changes in synaptic density and neuronal loss is shown in Table 5 . While an increase in this ratio was evident in the superficial part of the altered cortex (65%) in patient H175, in the deeper part of the altered cortex this ratio decreased (23%). Moreover, these changes affected both asymmetrical and symmetrical synapses. In contrast, most of the changes in case Mun36 involved a decrease in the number of synapses/ per neuron in the superficial (44%) and middle (50%) layers. Values of the number of synapses per neuron were obtained by dividing the density of the synapses by the density of the neurons after correcting for tissue shrinkage (32.8%). Uncharacterized synapses were included in the asymmetrical and symmetrical types, according to the frequency of both types of synapses in each layer. AS = asymmetrical synapses; SS = symmetrical synapses; All = includes asymmetrical, symmetrical and uncharacterized synapses. Table 3 Synaptic density per volume expressed as number of synapses 310 8 /mm 3 (mean 6 SEM), and percentage of asymmetrical and symmetrical synapses (in parentheses) per each neocortical region studied in the dysplastic neocortex .09 6 1.36 9.14 6 1.04 18.92 6 1.17 4.82 6 0.83 5.8 6 0.9 550-900 (layer III) AS 8.46 6 1.1 (89) 5.11 6 0.6 (98) 5.05 6 0.78 (83) 3.46 6 1.0 (90) 4.37 6 0.7 (90) SS 1.50 6 0.7 (11) 0.12 6 0.1 (2) 1.15 6 0.4 (17) 0.69 6 0.4 (10) 0.65 6 0.4 (10) All 12.82 6 1.18 7.06 6 0.79 15.09 6 1.99 5.7 6 1.0 6 6 0.97 AS = asymmetrical synapses; SS = symmetrical synapses; All = includes asymmetrical, symmetrical and uncharacterized synapses.
These changes affected both asymmetrical and especially symmetrical synapses.
Discussion
We have analysed the neocortex in tissue removed from epileptic patients suffering from FCD with the aim of identifying alterations that may be implicated in the development of seizures. Our main conclusion from these studies is that this tissue shows a remarkable variety of alterations in the GABAergic system, both between patients and between different regions within a given patient. Moreover, the density of excitatory and inhibitory synapses per volume in the dysplastic cortex was different from that of the normal cortex that was adjacent to it. These modifications included increases or reductions in synaptic density, and changes in the proportion of excitatory and inhibitory synapses.
Histopathological findings
The histopathological alterations observed in the tissue analysed here were similar to those found in previous reports, including the disruption of the cortical laminae and the cytological abnormalities, such as the presence of balloon cells, and of giant and dysmorphic neurons (for a review see Tassi et al., 2002) . Balloon cells contain cytoskeletal components such as vimentin and glial fibrillary acidic protein (Garbelli et al., 1999a) , which indicates that these cells may be of glial origin. Indeed, electrophysiological studies of these cells have shown absence of voltage-and ligand-gated currents, as well as an apparent lack of spontaneous synaptic inputs (Cepeda et al., 2003) . Moreover, the ultrastructural analysis of balloon cells that we performed revealed that these cells do not establish synaptic contacts. Thus, these anatomical findings confirm the lack of functional synapses on balloon cells described by Cepeda et al. (2003) , and support the idea that they are of a non-neuronal origin. Indeed, the absence of synaptic contacts suggests that these cells are not directly involved in the origin or the propagation of epileptogenic activity (but see Cepeda et al., 2003) . In contrast, the giant pyramidal cells that we analysed had what appeared to be a normal complement of organelles, and their somata and proximal dendrites establish conventional symmetrical synapses (see below).
Immunocytochemical studies
As has been demonstrated previously, changes in the expression of GABAergic markers, such as decreases in the levels of PV immunoreactivity, were detected in the neocortex of FCD tissue (Spreafico et al., 1998a, b; Garbelli et al., 1999a, b) . GABA is the main inhibitory neurotransmitter in the brain and, therefore, a reduction in the activity of the GABAergic system could make the dysplastic tissue more susceptible to sudden and prolonged hyperexcitability (Crino et al., 2001) . In the primate neocortex, different types of GABAergic interneurons innervate pyramidal cells. Among these interneurons, Values were obtained by dividing the density of the synapses by the density of the neurons after correcting for tissue shrinkage (32.8%). Uncharacterized synapses were included in the asymmetrical and symmetrical types, according to the frequency of both types of synapses in each layer. AS = asymmetrical synapses; SS = symmetrical synapses; All = includes asymmetrical, symmetrical and uncharacterized synapses. # and " indicate a decrease and increase, respectively.
chandelier and basket cells are considered to be the strongest inhibitory neurons and both contain PV (reviewed in DeFelipe, 1999) . In the present work, we confirm and extend previous studies performed in cortical dysplastic tissues (Garbelli et al., 1999a) , showing that the changes in the PV distribution were not homogeneous throughout the lesioned neocortex, either in tissue from the same patient or between patients. For example, in certain regions, there was a remarkable decrease in PV-immunoreactive chandelier terminals, suggesting a modification of the GABAergic system that would profoundly affect the inhibitory control of pyramidal cells (DeFelipe, 1999) . However, we also found increases in PV immunoreactivity or the aberrant expression of PV in axons within other regions of the FCD tissue. The most striking change of this type was the presence of hypertrophic basket formations in the white matter (see also Ferrer et al., 1994; Spreafico et al., 1998a; Garbelli et al., 1999a) .
Basket formations in the white matter
Hypertrophic PV-immunoreactive basket formations were found around the ectopic giant neurons in the white matter, establishing symmetrical synapses. Several lines of evidence indicate that in the primate neocortex, PV-immunoreactive terminals forming asymmetrical synapses arise from thalamocortical afferent fibres, while those forming symmetrical synapses arise from intrinsic GABAergic neurons (DeFelipe and Jones, 1991; del Río and DeFelipe, 1994) . Since PVimmunoreactive somata were not present in the white matter, it seems most likely that these basket formations originate from basket cells located in the grey matter whose axons have sprouted as a consequence of the changes induced by the malformations or the epileptic state. Previous electron microscope studies of hypertrophic PV-immunoreactive basket formations showed few synaptic contacts between these boutons and the somata of innervated cells (Garbelli et al., 1999a) . Similarly, we found few axosomatic PVimmunoreactive synaptic contacts from basket formations in our preparations. Nevertheless, it was often difficult to discern synaptic contacts because of the intense immunostaining that masked the synaptic membrane specializations. Therefore, we studied the perisomatic boutons around giant cells by conventional electron microscopy. We found that neurons in the white matter received multiple symmetrical (inhibitory) synapses, indicating that hypertrophic basket formations do form conventional synaptic contacts. However, perisomatic boutons were hypertrophic while those found around the giant pyramidal cells in the grey matter were of a normal size. This suggests that the basket formations in the white matter originate from particular types of basket cells that have sprouted. Interestingly, similar hypertrophic basket formations have been described recently in the sclerotic epileptic hippocampus (Arellano et al., 2004) , and it is possible that both these hypertrophic basket formations may originate through a common mechanism. For example, in both cases, the changes observed in the GABAergic system might be secondary to epilepsy, which induces synaptic plasticity and axonal reorganization, or due to a defect in cortical development (see Blümcke et al., 2002; Arellano et al., 2004) . Since hypertrophic basket formations in FCD were immediately adjacent to the regions where the distribution of PV was normal, it seems likely that these alterations were not due to epileptic activity per se because the adjacent regions should be equally affected. Interestingly, in the grey matter just above the region where the giant cells were located in the white matter, there was a clear reduction in the number of chandelier terminals. Furthermore, in the regions of the grey matter showing hypertrophic basket formations, chandelier terminals were absent or very scarce. The increase of axo-somatic innervation on the one hand, and the decrease of axo-axonic innervation on the other, suggests that this may represent a compensatory mechanism that enhances the inhibition of hyperexcitable pyramidal cells.
Synaptic density in the neuropil
Several electrophysiological studies have shown that ictal discharges can be generated in slices from FCD tissue, suggesting the existence of an imbalance between excitatory and inhibitory circuits (Mattia et al., 1995; Avoli et al., 1999 Avoli et al., , 2003 Mathern et al., 2000; Lurton et al., 2002) . This is in line with the dramatic changes we observed in synaptic density and in the proportion of excitatory and inhibitory synapses in the neuropil, where the majority of synapses are located (reviewed in DeFelipe and Fariñas, 1992) . Since neuronal loss was more prominent in some cortical regions than in others, we examined the relationship between the changes in synaptic density and neuronal loss. We found distinct changes in the number of synapses per neuron, which affected both asymmetrical and symmetrical synapses and that were not correlated with the degree of neuronal loss. These observations indicate that there is an imbalance between excitatory and inhibitory systems, which is most likely to have important functional implications. The fact that the alterations were not homogeneous between different regions within a given patient or between patients suggests that these alterations are rather complex and that they affect a large variety of cortical circuits. In addition, some of the alterations might be related to epilepsy whereas others may not. For example, in the tissue from patient Mun36, there were some cortical regions that seem unlikely to contribute to epileptiform activity since there was intense gliosis, few neurons and virtually no synapses. However, other regions could potentially contribute to the hyperexcitability since they contained numerous neurons and synapses, and the GABAergic circuits appeared to be abnormal due to the reduced number of chandelier cells. Furthermore, alterations occurred at different depths from the pial surface. This is also important because neurons located in different layers are involved in different circuits, in terms of both their afferent and efferent connections (e.g. White, 1989) . Indeed, in layer I from patient Mun34, all the synapses were asymmetrical, indicating that inhibitory circuits are absent or highly reduced, and suggesting that this layer may be hyperexcitable in this particular case.
In conclusion, several kinds of alterations may underlie the hyperexcitability of FCD tissue, although it remains unclear which may be the consequence of the malformations and which may be a result of epileptic activity per se. Moreover, it also remains a possibility that some of these changes are the product of a compensatory plastic mechanism to avoid epilepsy. Further electrophysiological studies, in conjunction with correlative microanatomical and neurochemical characterization of the dysplastic tissue, will be necessary to define the functional significance of specific changes in the neocortical circuits of these epileptic patients.
Caveats
There are six limitations that should be highlighted in the present study. (i) All of our data regarding epileptic patients were derived from only three cases with cortical dysplasia, precluding the extrapolation of the results to the whole population of epileptic patients with this pathology. Rather, our results emphasize the complex alterations in cortical circuits that occur in these patients. (ii) It has been shown in animal models of epilepsy that seizure activity may reduce PV immunolabelling (e.g. Sloviter, 1989) . Therefore, the variability of PV staining in the three patients could be explained in part by the individual's history of seizure activity (frequency, intensity and duration of seizures). (iii) One patient was seizure free, but the other two patients continued to suffer seizures. However, the sites sampled for electron microscopy may not represent the regions of seizure onset in the latter two patients. Nevertheless, both these patients with post-surgical seizures showed a worthwhile improvement, which might indicate that the resected tissue was indeed epileptogenic but that a residual area of epileptogenic cortex was not surgically resected. (iv) Possible changes in synaptic density as a function of age (e.g. Rakic et al., 1994) , or due to the effects of anti-epileptic drugs or those of repeated seizures on synaptic density preclude comparing between patients of different ages and with different clinical histories. Nevertheless, the effects of anti-epileptic drugs can be ruled out because control neocortical tissue was obtained from epileptic patients with hippocampal sclerosis that were being treated with drugs similar to the dysplastic patients. Thus, differences in the synaptic circuits between control and dysplastic tissue may be interpreted as the result of the pathological changes produced by the focal cortical dysplasia. (v) At the electron microscope level, not all synapses can be classified as asymmetrical (putative excitatory) or symmetrical (putative inhibitory) because the synaptic cleft and associated membrane densities cannot be clearly visualized in a number of synapses due to the oblique plane of section (e.g. DeFelipe et al., 1999) . In this study, these uncharacterized synapses were included as asymmetrical and symmetrical types, according to the frequency of both types of synapses. Therefore, the proportion of each type of synapse in this work is an estimation of the real ratio. (vi) Samples of the neocortex from epileptic patients with hippocampal sclerosis were used as controls. These neocortical samples were considered to be normal, based on intraoperative electrocorticography, routine histopathological examination and other immunocytochemical studies performed on the resected tissue. Nevertheless, this material comes from patients with chronic seizures, and therefore we could not compare our results with true control specimens.
